Nitric oxide is thought to be involved in the pathophysiology of radiculopathy attributable to herniated intervertebral disc, but its effect on ectopic firing, which is the main source of sciatica, has not been investigated. The authors investigated whether ectopic firing is elicited when the lumbar nerve root is exposed to nitric oxide using rats with and without cauda equina compression. A group of animals had partial L3 laminectomy, and a silicone tube was inserted in the epidural space to compress the cauda equina. A sham operation group and nontreated control group also were prepared. Seven days later, ectopic firing of the nerve root was recorded from the sural nerve. The animals with cauda equina compression showed significantly higher spontaneous firing rates than other groups. After a lumbar epidural administration of sodium nitroprusside, only the animals with cauda equina compression showed a marked increase in the firing rate. These results showed that the nerve roots became hyperexcitable under compression as indicated by increased spontaneous firing and marked sensitivity to nitric oxide. This mechanism may play an important role in the development of sciatica.
Spontaneous abnormal sensations such as sciatica and numbness are important among radiculopathy symptoms observed in lumbar disc herniation and lumbar spinal canal stenosis, but the mechanism of the occurrence has not been clarified sufficiently. These symptoms are considered neurophysiologically to be caused mainly by excessive excitation of the nerve roots, such as ectopic firing. 1, 13, 19, 25, 26 Because the degree of mechanical compression of nerve roots observed by imaging does not always correlate with the degree of sciatica, 2,27 involvement of biochemical mediators around the nerve roots has been suggested. [4] [5] [6] 8, 13, 15, 16, 18, 29 However, few studies have investigated the electrophysiologic effects of each biochemical mediator on ectopic firing on the nerve root. 1, 13 The current authors analyzed ectopic firing in an in vitro model of the isolated dorsal root and clarified that the dorsal root ganglion is more sensitive to mechanical compression than the dorsal root, that the threshold of mechanical response of dorsal root ganglion is lowered by hypoxia, and that ectopic firing is induced by some biochemical mediators. 1, 13, 25 Among biochemical mediators, NO is strongly suggested to be involved in radiculopathy symptoms by reports that NO was produced in herniated intervertebral disc specimens from humans in culture, 6 that NO-producing cells were observed in granulation tissues of herniated intervertebral discs and annulus fibrosus, 5, 9 and that the NO synthase in dorsal root ganglion was enhanced in neuropathic models. 3, 23, 28 In the current study, an in vivo model was prepared for observation of ectopic firing. 19 After the effects of cauda equina compression on ectopic firing were analyzed, whether ectopic firing was enhanced by exposure of NO to the nerve roots was investigated. These experiments were done according to the guidelines of the animal ethical committee at the authors' institution.
MATERIALS AND METHODS

Animal Models
Thirty-two adult male Wistar rats, body weight 280 to 320 g, were used in the current study. There were four groups with eight animals in each group ( Table 1 ). The animals in Group A (control) did not receive any surgical treatments. All surgical procedures in the other three groups were done with the rats under halothane anesthesia (2%-4%). A longitudinal dorsal skin incision was made over the lumbar spine and bilaterally the paravertebral muscles were dissected bluntly from the lamina. The caudal 1 ⁄ 2 of the L3 spinous process and of the lamina were removed with microrongeurs. The animals in Group B (sham) had an L3 partial laminectomy and then were maintained for 7 days before testing. In the animals in Groups C and D, L3 partial laminectomy was done and a silicone tube (diameter, 2 mm; length, 8 mm) was inserted into the L3 dorsal epidural space. According to the postmortem measurement, the silicone tube occupied 62% to 70% of the cross-sectional area of the spinal canal and diffusely compressed the cauda equina proximal to the L5 dorsal root ganglia (Fig 1) . The wound was sutured and the animals were maintained in a cage for 7 days before testing.
Measurements of Ectopic Firing
Under halothane anesthesia and immobilization with suxamethonium chloride (5-8 mg/kg, given intramuscularly), the trachea was intubated for artificial ventilation. Decerebration was done by transecting the midbrain. A thin tube was inserted into the L5 dorsal epidural space for chemical injections. From an incision in the posterior aspect of a hindlimb, the sural nerve branching from the sciatic nerve was exposed. After transection of the sural nerve, the antidromically propagated ectopic firing originating from the nerve root was recorded from the proximal stump of the sural nerve using a bipolar platinum electrode (Fig 1) . Ozawa et al 19 confirmed that the recorded sural nerve activities reflect the ectopic firings originating in the L5 dorsal root. After recording the spontaneous ectopic firing, rats in Groups A, B, and C received lumbar epidural administration of sodium nitroprusside (sodium nitroprusside: NO donor, 10 mmol/L, 0.1 mL) from the epidural tube and changes in the sural nerve firing were observed. Rats in Group D had the same procedure as that of rats in Group C, but normal saline alone (0.1 mL) was administrated ( Table 1 ). The recorded firing activity was amplified by an electrodiagnostic system (Counterpoint, Dantec Medical, Skovlunde, Denmark), drawn by a thermal array recorder (Nihon Koden, Tokyo, Japan), and simultaneously recorded by a digital tape recorder (TEAC, RD-180T, Tokyo, Japan). The obtained sural nerve activities were inputted to a window discriminator to discriminate the firings from noise. The firings then were converted to pulses for a quantitative expression of firing rate (spikes/second) by a counter. Throughout the experiment, body temperature, heart rate, blood pressure, and arterial blood gas were monitored and maintained within the physiologic range.
Statistical Analysis
Statistical analysis was done by a Mann-Whitney U test. A probability value of 0.05 was regarded as significant.
RESULTS
The behavior of the animals was observed grossly before the measurement 1 week after surgery. Slight muscle atrophy of the bilateral hindlimbs was observed in all animals in Groups C and D, which showed reduced foot joint movements. No such muscle atrophy or motor paralysis was seen in the animals in Groups A and B.
Measurement of Spontaneous Ectopic Firing
Stable spontaneous ectopic firing could be recorded from the sural nerve in all rats. The spike amplitude in the records was 5 to 20 V, and each record generally contained spikes with different amplitudes (Fig 2) . The mean rate of spontaneous ectopic firing was 52.6 spikes per second in Group A, 52.4 spikes per second in Group B, 176.2 spikes per second in Group C, and 201.7 spikes per second in Group D. The rate of spontaneous ectopic firing was significantly higher in Groups C and D than in Groups A and B (p Ͻ 0.01). No significant difference was observed between Groups A and B (Fig 3) .
Changes in the Frequency of Firing by Administration of Sodium Nitroprusside
The firing was enhanced markedly in all eight animals in Group C after the administration of sodium nitroprusside, and the firing rate reached a peak within a few minutes after administration (Fig 4) . In Group A, only slight responses were seen in three animals. In Group B, slight responses were observed in four animals. In Group D, few responses were found after the administration of normal saline. The difference between the maximum firing rate after the sodium nitroprusside administration and the rate before the sodium nitroprusside administration was evaluated as the increment in the firing rate. This increment The increment in the firing rate was significantly greater in Group C than in Groups A, B, and D (p Ͻ 0.01). No significant difference was observed between Groups A and B (Fig 5) . The duration of the increase in firing observed in the acute Group C was 60 to 360 seconds with a mean of 205 seconds. At the end of the increase in firing induced by the sodium nitroprusside administration, the firing level returned nearly to the preadministration level of all groups. In the animals in Group C, it was observed that similar changes in the firing were reproduced at least twice when sodium nitroprusside was administered in an interval of 20 minutes (data not shown). 
DISCUSSION
In the current study, ectopic firings originating in the nerve roots (dorsal roots) were recorded from the sural nerve and analyzed in a rat in vivo model. Anatomically, the sural nerve of the rat mainly consists of L4 and L5 nerve roots, 20 and approximately 93% of sensory neurons present in the L5 dorsal root ganglion. 24 Ectopic firing at the lumbar nerve root (dorsal root) had been shown to be done antidromically and orthodromically to the periphery. 14, 26 When mechanical compression was applied to the dorsal root ganglion of the exposed L5 nerve root, firings evoked there were transmitted antidromically and actually could be recorded from the sural nerve. 19 Therefore, in the rat in vivo model used in the current study, changes in ectopic firing at the nerve root of L5 could be recorded from the sural nerve without exposing the proximal side of the nerve root. Ozawa et al 19 showed that ectopic firing elicited by an application of nucleus pulposus to nerve roots could be analyzed using an identical recording setup. Firing activity clearly increased during the 1 week after compression of the cauda equina, indicating the involvement of the L5 nerve root in ectopic firing. Regarding the effects of mechanical compression of the nerve root, experimental results concerning histologic changes of the nerve root attributable to mechanical nerve root compression, 22 the occurrence of nerve root edema attributable to congestion of the nerve root and increase in the vascular permeability induced by mechanical compression at 40 mm Hg or less, 17 and nerve root hypoxia attributable to compartment syndrome caused by an increase in the intratissue pressure 21 have been reported. Additionally, the occurrence of Wallerian degeneration in the ventral and dorsal roots, and central pigmentolysis in anterior horn cells and dorsal root ganglion cells, were reported in a nerve root compression model 1 week or longer after compression. 10 The results of the current study suggest that ectopic firing increases because of changes in excitability of the nerve root and dorsal root ganglion cells caused by chronic mechanical compression of the proximal part of the nerve root.
There have been reports on various biochemical mediators that may affect nerve root function. [4] [5] [6] 8, 13, 15, 16, 18, 29 The production of NO in cultures of herniated intervertebral disc specimens from humans, 6 the presence of NOproducing cells in granulation tissues of the herniated intervertebral disc and annulus fibrosus, 5, 9 and enhancement of NO synthase in dorsal root ganglia after injury of peripheral nerves 3,23,30 have been reported, suggesting its relationship with radiculopathy symptoms. The analgesic effects of various NO synthase inhibitors such as nitro-L-arginine methyl ester have been reported in rats 11, 28 and mice. 12 However, an increase in pain sensitivity was reported after local administration of nitro-Larginine methyl ester to the sciatic nerve in a rat model of nucleus pulposus and annulus fibrosus transplantation to the sciatic nerve. 8 The results suggest variation in the relationship between NO and pain, depending on the site.
There have been few studies in which changes in ectopic firing were evaluated by directly administering a NO donor such as sodium nitroprusside to the nerve root as in the current study. Concerning the effects of NO on the nerve root and dorsal root ganglion, little ectopic firing was induced by NO in the control group, but ectopic firing was increased significantly in the animals with cauda equina compression. From these results, the sensitivity of the nerve root and dorsal root ganglion to NO is considered to have changed as a result of chronic compression. This functional change may include the disruption of protective mechanisms against biochemical mediators. Therefore, NO is considered to have lit-tle effect on intact nerve roots but to act on injured nerve roots to aggravate pain. As for the effects of chemical factors other than NO on dorsal root ganglion, the sensitivity of dorsal root ganglion neurons to bradykinin was reported to be enhanced in adjuvant arthritis in rats. 7 If the mechanism of an enhancement of sensitivity to NO by mechanical compression also can be applied generally to biochemical mediators other than NO, this mechanism is considered important in understanding the pathologic characteristics of radiculopathy symptoms in lumbar disc herniation and lumbar spinal canal stenosis.
